A confocal microscope offers superior imaging compared to a conventional optical microscope. However most confocal microscopes operate in reflection because of the imaging difficulties caused by aberrations induced by the specimen itself. Work at the University of Sydney has focussed recently on overcoming these problems and constructing a practical confocal transmission microscope. We have demonstrated image improvement by removing image motion in real time using a tip-tilt mirror, and in post-processing of CCD images. Other low order aberration correction requires a wavefront sensing technique appropriate to the confocal situation and a device to provide the correction, both of which are also being investigated.
Introduction
A confocal microscope delivers superior imaging over a conventional microscope in both resolution and the ability to optically section specimens (i.e. to image a single plane within the specimen). These capabilities stem from the strong rejection of multiply scattered light even in thick, highly scattering media. This sectioning ability makes it possible to record a collection of adjacent planes of focus and process them into a full 3D image.
The confocal optical design delivers a focussed spot of light into the specimen and relays that spot to a pinhole aperture in front of a detector. The confocal image then consists of point-by-point measurements of the transmitted (or reflected) light as the specimen is raster scanned under the fixed illumination path. The fixed light path in our system eliminates variable off-axis aberrations such as field curvature and coma that are characteristic of beam-scanning confocal designs.
When specimens thicker than about ~5Êµm are imaged in transmission, the focussed image spot is often deflected off-axis by refractive index structures within the specimen, causing it to miss the detector pinhole. Thus the information conveyed by the signal amplitude (e.g. absorption or phase change in the specimen, depending on the imaging mode) is lost. This produces erroneous dark regions in the image and makes it virtually impossible to use a fixed pinhole arrangement. This effect does not arise in reflection because tilt effects introduced when the light enters the specimen tend to be cancelled out when the beam reflects back along essentially the same path. Apart from image motion, further aberrations may also be introduced which deform the ideal Airy pattern on the detector pinhole and thereby alter the detected signal. Of course, each of these aberrations itself carries information about structure within the specimen if it can be interpreted.
Because of these difficulties, there are currently no commercial confocal transmission microscopes. However operation in transmission offers several advantages, such as the ability to provide phase information, not available in reflection. Conventional optical microscopes are more often used in transmission and it is clearly desirable to do the same for confocal microscopes.
Over the last few years we have developed a confocal microscope system to explore confocal imaging in both reflection and transmission [1, 2] . We have obtained confocal transmission images, including differential interference contrast (DIC), from thin samples. The images exhibit improved imaging performance compared with non-confocal imaging. Ultimately our interest lies in imaging thick objects in three dimensions under multiple scattering conditions. However, as the imaging is moved deeper into the specimen, the image quality is reduced for each successive plane. In order to obtain high-resolution transmission images of a thick specimen it is essential to use Adaptive Optics (AO) techniques to compensate for the aberrations introduced by the specimen itself [3, 4] .
Tip/tilt correction of Image Motion
The first and simplest step in most AO systems is the elimination of image motion. In confocal transmission imaging, this motion can be tens of microns in a highly structured part of the specimen, much larger than the detector pinhole.
In order to correct image motion we have implemented a closed loop tip-tilt servo in our confocal system, as illustrated in Figure 1 . The tip-tilt system consists of a Position Sensing Detector (PSD) whose output drives a fast piezoelectrically mounted mirror. Any displacement of the image centroid as Submitted to World Scientific : 1999
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determined by the PSD produces a control voltage which causes the piezo to deflect the beam back on axis.
This layout permits simultaneous acquisition of tilt-corrected and uncorrected images. Use of a large pinhole in either arm results in conventional rather than confocal imaging. Figure 2 shows one resulting transmission image set. The first image was taken using a 200Êµm pinhole, which simulates the acquisition of a conventional image. The second image is confocal, without tilt correction. It shows dark regions at refractive index boundaries, indicating loss of signal due to aberrations. The third image is a tilt corrected confocal image showing fine detail in these same regions. It generally has significantly finer lateral resolution than either the uncorrected or conventional images. These images are 512 x 512 pixels and took 25 seconds to acquire at a rate of 20 lines per second. This frame rate is set by the pixel rate which is itself determined by the bandwidth of the tip-tilt servo -currently up to 1.5ÊkHz. This highlights the speed limitations of any real-time AO system. 
Using a CCD to create a Ôvirtual pinholeÕ
In 1992 [1, 3] we first proposed the idea of replacing the physical pinhole found in all confocal systems with a Ôvirtual pinholeÕ formed from selected pixels of a CCD array. Although not really an AO technique, this approach has an obvious application in replacing the more complex tip-tilt correction. For each image, a Ôvirtual pinholeÕ of any desired size can be defined and moved from frame to frame as the focussed spot moves. Experiments to date have been limited to single pixel Ôvirtual pinholesÕ selected to be the maximum value within each CCD frame. Figure 3 illustrates the ability to eliminate loss of confocal signal caused by motion of the focussed spot. It was taken with a Dalsa 64x64 CCD camera, operating at up to 400ÊHz frame rate. The benefit of maximum detection is very similar to that from tip-tilt correction, although it is not strictly equivalent to the centroiding employed in the PSD. Centroiding could, of course, be performed using an appropriate algorithm, with an arbitrary size Ôvirtual pinholeÕ defined around the centroid. Apart from simply displacing the focussed spot, other aberrations introduced by the specimen will deform the ideal Airy disk. In a fixed pinhole system this is ignored and light from the diffraction maximum is assumed to be a reliable measure of structure within the specimen at the focal plane. With a CCD, deformation of the Airy disk is recorded and the information it contains can be used to understand the aberration and the structures which produced it.
For example, defocus of the spot in the CCD image indicates variation in the optical path length through different parts of the specimen. If this occurs on the transmitted (output) side of the specimen it can be simply corrected by refocussing the output microscope objective. If it occurs on the illumination (input) side of the specimen it indicates movement of the focal plane within the specimen and will lead to incorrect placement of features in depth in the confocal data set. Monitoring in both reflection and transmission or in double-pass through the specimen may be required to discern between these two possibilities.
Of the other low order aberrations, spherical aberration is the most important. It increases as the focal plane is moved deeper into the specimen because of the overlying material in the optical path. Quite small amounts of spherical aberration will clearly degrade image performance, more so in depth than in the transverse direction [5] . We have partially corrected this effect using available meniscus lenses, but it could clearly be monitored and corrected in real-time with a suitable AO wavefront sensor and phase modulator.
Low order correction
Most AO systems employ a Shack-Hartmann wavefront sensor which allows reconstruction of the wavefront from tilt measurements across individual subapertures. These individual measurements are made using centroiding detectors like the PSD described earlier. An alternative is the curvature sensor [6] which measures wavefront curvature across sub-apertures. This is achieved by making intensity measurements of extra-focal images, symmetrically either side of a focal point. Curvature sensing works well in astronomical AO, but our experiments indicate that the strong diffraction effects in confocal microscopy defeat this approach.
More recently we have begun to test a related technique based on the Transport of Intensity Equation (TIE) [7] . This involves taking three images in the exit pupil plane, each separated by a small axial displacement. It assumes the paraxial approximation but makes no geometrical optics approximations. Initial results using a CCD are promising and testing in the confocal system is now proceeding.
The other critical element of an AO system is the phase modulator. Typically this is a deformable mirror with >20 sub-apertures driven by peizoelectric actuators. These mirrors work successfully in astronomical applications, but they are very costly -more than the confocal microscope itself. We have been exploring a lower cost option -a bimorph mirror featuring a small number of controlled sub-apertures which is more appropriate to the level of correction likely in a confocal system.
The bimorph mirror is made from two piezoelectic wafers and is controlled by a pattern of electrodes on one of the wafers [8] . This has recently been tested in the confocal microscope in an arrangement similar to that illustrated for the tip-tilt mirror in Figure 1 . The beam was expanded to match the 35Êmm beam diameter of the bimorph mirror. A fast wavefront sensor was not available and so wavefront aberrations were measured using a conventional phase-shifting interferometry technique (which is itself a challenge in the presence of strong diffraction). Figure 4 illustrates the improvement in the focussed spot delivered to the pinhole. The Strehl ratio, which measures the power in the diffraction peak of the Airy pattern, was improved from 0.1 to 0.8 in this experiment.
The bimorph mirror represents just one approach to AO phase modulation. Non-mechanical devices using liquid crystal phase screens or micro-machined solid state optical devices are exciting possibilities for the future.
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Our investigations have shown that it is essential to implement AO if a confocal microscope is to be operated in transmission. A tip/tilt system on our microscope has demonstrated improved imaging over an uncorrected system. A preliminary demonstration of further correction has been achieved using a bimorph mirror. We are currently investigating alternative approaches to wavefront sensing in the confocal context.
There remain larger questions to answer such as how to decide where the aberrations arise within the specimen (before or after the focal plane) and thus what impact they have on the confocal imaging plane? Also, how do we extract further information about the specimen from the aberrations themselves?
6 References
